The identification of dynamic protein phosphorylation events is critical for understanding kinase/phosphatase-regulated signaling pathways. To date, protein phosphorylation and kinase expression have been examined independently in photosynthetic organisms. Here we present a method to study the global kinome and phosphoproteome in tandem in a model photosynthetic organism, the alga Chlamydomonas reinhardtii (Chlamydomonas), using mass spectrometry-based label-free proteomics. A dual enrichment strategy targets intact protein kinases via capture on immobilized multiplexed inhibitor beads with subsequent proteolytic digestion of unbound proteins and peptide-based phosphorylation enrichment. To increase depth of coverage, both data-dependent and data-independent (via SWATH, Sequential Windowed Acquisition of All Theoretical Fragment Ion Mass Spectra) mass spectrometric acquisitions were performed to obtain a more than 50% increase in coverage of the enriched Chlamydomonas kinome over coverage found with no enrichment. The quantitative phosphoproteomic dataset yielded 2250 phosphopeptides and 1314 localized phosphosites with excellent reproducibility across biological replicates (90% of quantified sites with coefficient of variation below 11%). This approach enables simultaneous investigation of kinases and phosphorylation events at the global level to facilitate understanding of kinase networks and their influence in cell signaling events.
INTRODUCTION
Expression and activity modulation of kinases is essential for organismal fitness and survival. Kinases regulate cellular signaling by site-specific phosphorylation of target proteins, thereby altering activity, subcellular localization or complex formation (Daub et al., 2008) . Approaches for measuring kinase abundances have historically relied on highly specific antibody-based immunoassays (Xiao and Wang, 2014) , thus restricting coverage and throughput to a small subset of target kinases. Research aimed at dissecting the roles of kinases on a global '-omics' scale has grown within the past decade, with the potential to become more comprehensive for discovery-based, untargeted kinome analyses. Utilization of immobilized kinase inhibitors, e.g. multiplexed inhibitor beads (MIBs) (Duncan et al., 2012) or kinobeads (Bantscheff et al., 2007) , broadly captures protein kinases through binding to the ATP-binding domain of intact native kinases. This approach has enabled protein-level kinome analysis (Xiao and Wang, 2014) , the utility of which has been demonstrated in numerous studies in mammalian systems (Cooper et al., 2013; Graves et al., 2013; Johnson et al., 2014; Stuhlmiller et al., 2015) . Herein, we employ MIB-based kinome enrichment in tandem with a phosphoproteome analysis from the same starting material. Development of this sequential enrichment strategy in a model eukaryotic photosynthetic organism, Chlamydomonas reinhardtii (Chlamydomonas), enabled simultaneous coverage and quantification of its kinome and phosphoproteome using mass spectrometry-based quantitative label-free proteomics.
Chlamydomonas is an intensively studied and welldeveloped model for investigating diverse biological processes including photosynthesis, chloroplast biogenesis, cell growth and motility (Crespo et al., 2005; Merchant et al., 2007; Zones et al., 2015) . The Chlamydomonas kinome contains an estimated 355 protein kinases (Wheeler et al., 2008) and forms a highly dynamic network of signaling pathways, as illustrated by studies of the flagellar phosphoproteome (Boesger et al., 2009 ) and proteomic analysis into the effects that changes in kinase expression have on photosynthesis (Lee et al., 2015) . While global kinome enrichment has not yet been reported in Chlamydomonas, recent efforts by our laboratory to profile the global phosphoproteome identified 4588 phosphoproteins and 15 862 unique phosphosites in this model organism .
Herein, a strategy is described for in-tandem kinome and phosphoproteome analysis using a single sample that provides quantitative information and increased coverage of expressed kinases and localized phosphosites on phosphoproteins that are potentially involved in kinase signaling pathways. We first optimized a native protein extraction for the cell wall-containing Chlamydomonas strain CC-2895 (6145c mt-). Then, a MIB global kinome enrichment strategy was used to enrich for intact kinases and ATP-binding proteins from the background via preferential binding to a mixture of moderately to broadly selective immobilized pan-kinase inhibitors. Quantitative reproducibility and overall coverage were compared between data-dependent mass spectrometric acquisition (DDA) and data-independent mass spectrometric acquisition (DIA) via Sequential Windowed Acquisition of All Theoretical Fragment Ion Mass Spectra (SWATH) for the kinome-enriched samples. Proteolysis of unbound protein lysate from MIBs followed by TiO 2 -based phosphopeptide enrichment and DDA enabled quantification of site-specific phosphorylation from the same samples. This workflow generates extensive complementary datasets that may help increase our understanding of kinase signaling pathways and regulated phosphorylation events in a quantitative manner.
RESULTS AND DISCUSSION

Native protein extraction of Chlamydomonas
The MIB kinome enrichment strategy utilizes the affinity of kinases for ATP analogs and therefore requires nondenaturing protein extraction techniques. Cell lysis via adaptive focused acoustics is an alternative to traditional sonication methods that reduces protein degradation and aggregation during cell disruption by avoiding sample overheating (Dhabaria et al., 2015) . This method has previously been found to be effective for disrupting Chlamydomonas cells (Bigelow et al., 2014) . We optimized and implemented an acoustic-wave sonication method for native protein extraction from Chlamydomonas (Figure 1a ) with the goal of maximizing yield to accommodate the requirement for high amounts of protein in the kinome and phosphoproteome enrichment steps used downstream.
Our method (detailed in the Experimental Procedures) yielded an average of 7.8 mg of protein per gram of wet cell pellet from each replicate, which was only slightly reduced compared to a denaturing 2-amino-2-(hydroxymethyl)1,3-propanediol (TRIS)-buffered phenol extraction routinely used for protein extraction from photosynthetic organisms that yields 8.0-9.5 mg g À1 (Maldonado et al., 2008; Slade et al., 2015) . Coverage was also similar when comparing global profiles of whole cell lysates: 2093 proteins were inferred from 9607 unique peptides for native extraction and 2063 proteins were inferred from 10 533 unique peptides for TRIS-buffered phenol extraction based on standard DDA liquid chromatographytandem mass spectrometry (LC-MS/MS) acquisition performed as previously described (Slade et al., 2015) . Importantly, the optimized native extraction provided sufficient material (5.5 mg protein extracted from 0.7 g wet pellet) for subsequent kinome and phosphopeptide enrichments. As outlined in Figure 1 , lysates from three biological replicates containing 5.5 mg each of native protein were subjected to a MIB-based method to enrich for ATP-binding proteins ( Figure 1b ) (Oppermann et al., 2009) . Eluates were proteolyzed and processed via quantitative label-free proteomics as described below.
Kinome DDA and SWATH data acquisition
Both DDA and DIA via SWATH were performed to compare the depth of coverage of the kinome as well as the quantitative accuracy of each acquisition approach. Untargeted methods relying on DDA are ubiquitous in bottom-up proteomics, but pose a challenge for the identification of low-abundance proteins because they require a minimum signal for specific ions to trigger a tandem MS (MS  2 ) analysis within a finite duty cycle (Oppermann et al., 2009) . SWATH acquisition can improve detection of low-abundance proteins because it is not limited by such parameters. Instead, SWATH acquisition allows for fragmentation of all transmitted ions simultaneously by iteratively stepping the quadrupole (Q1) through 20 separate windows across the mass range (350-1250 m/z) and passing all ions through to the collision cell. This DIA strategy is further enhanced by using narrower Q1 windows in dense regions of the mass range and wider Q1 windows in sparse regions. Implementation of a SWATH platform requires initial DDA runs with fractionation for exhaustive coverage to generate a spectral library for peptide matching and protein identification (Figure 2) . The resulting ion library comprising 15 strong-cation exchange (SCX) fractions and 8 MIB runs contains 4198 proteins (64 124 distinct peptides) with a confidence cutoff score >1.3 (95% confidence in ProteinPilot), serving as the basis for SWATH spectral matching/identification. These 4198 proteins represent 21% (4198/19 603) of the predicted C. reinhardtii proteome and include 235/355 protein kinases (Wheeler et al., 2008) and 404/553 additional ATP-binding proteins classified by Gene Ontology (GO).
Data from total lysates and MIB-enriched samples showed improved coverage using SWATH acquisition over DDA alone, with lower between-replicate median variability in the kinome-enriched and total lysate samples from SWATH acquisition (Figure 3 ). Proteins identified through SWATH acquisition (Table S1 ) increased MIB-enriched data coverage by 597 proteins (37%) relative to DDA (Figure 3a , Table S2 ) including 36 more kinases. Three biological replicates were used to compare quantitative reproducibility for both SWATH and DDA methods. For the kinome-enriched samples, 90% of the 1391 quantified proteins from SWATH acquisition had a coefficient of variation (CV) below 10%, and 90% of the 974 proteins via the DDA workflow had a CV below 11% (Figure 3c ). The overall trend of increased coverage while maintaining low variability with SWATH is
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(a) Native protein extraction also evident with whole cell lysate samples ( Figure 3b ,c), where 253 (16%) additional proteins were identified using SWATH ( Figure 3d ) versus DDA alone. Compared with DDA acquisition, SWATH-MS maintains high reproducibility while providing additional coverage and is therefore preferential for label-free differential studies of MIB-enriched proteins. A breakdown of the chemical characteristics of the peptides identified in the MIB-enrichment dataset can be found in Figure S1 .
Phosphopeptide enrichment
Tandem investigation of the phosphoproteome and kinome from the same starting biological material simplifies analysis and may help generate or constrain hypotheses concerning kinase-substrate relationships. Following lysate loading onto MIB columns, the flow-through that contained >95% of the starting protein was processed for phosphopeptides using titanium dioxide-based enrichment ( Figure 1c ) (Thingholm et al., 2006) . Variability between replicates for phosphopeptide enrichment was minimized by optimizing the protein-toresin ratio and by using a chemical additive that was selected from several tested candidates to minimize nonspecific binding to the resin. A range of peptide loading levels from 0.6 to 2.0 mg was tested for enrichment on pre-packed 3-mg TiO 2 tip-columns, and 2 mg was chosen for further experiments based on maximum reproducible phosphopeptide coverage as highlighted in Figure S2 . Numerous chemical additives have proved successful for decreasing non-specific binding during phosphopeptide enrichment, and were assessed here by their effect on recovery of non-phosphorylated peptides identified in post-enrichment samples. Among the additives tested (e.g. glycerol, glycolic acid and lactic acid; Jensen and Larsen, 2007; Sugiyama et al., 2007) , phthalic acid yielded the greatest reduction in non-specific binding with a phosphopeptide enrichment efficiency of approximately 67% (about 33% of the dataset was not phosphorylated) and a 10% increase in phosphopeptide coverage over the second best additive, glycolic acid.
Following enrichment for three biological replicates and DDA acquisition, retention time alignment, normalization of intensity across otherwise identical replicates and log transformation were performed. Ninety per cent of the 2250 phosphopeptides had a CV <11% (Figure 4c ) with 1314 unique phosphosites localized among the 1055 proteins (Table S5 , highlighted in yellow). Among these 1055 proteins were 236 identified from the kinome enrichment experiment ( Figure 4a ) containing 484 phosphosites. Approximately 86.6% of the phosphosites detected were pSer, 12.8% pThr and 0.6% pTyr (Figure 4b ) with more than 80% of the phosphopeptides singly phosphorylated (Figure 4d ), similar to the distribution reported previously for Chlamydomonas . A breakdown of chemical characteristics of the peptides identified in the phosphopeptide-enrichment dataset can be found in Figure S3 .
Kinome and phosphoproteome coverage using MIB and TiO 2 enrichment Our enrichment method identified 115 protein kinases, more than 50% (62/115) of which were not detected without kinome enrichment ( Figure 5a , Table S3 ). The GO classification of proteins only identified following kinome enrichment (Table S4) mitogen activated protein (MAP) kinase (Figure 5b ), validating the effectiveness of a MIB approach for kinome analysis in Chlamydomonas. Among the kinases identified with MIB enrichment and not from the total proteome, 57 serine/threonine protein kinases were identified whose homologs in other species are associated with signaling cascades which influence cell growth, survival and differentiation. Of the 115 kinases identified using MIBs, 36 were themselves phosphoproteins (Table S5 , in bold) with a total of 72 phosphosites quantified from the TiO 2 enrichment experiment (Table 1) , 27 being site-localized. Seven of these phosphosites (Table 1 , asterisk) could not be confidently identified in our previous global phosphoproteomics study . Maintaining high reproducibility between replicates despite the MIB enrichment not being exhaustive allows for capture during TiO 2 enrichment of MIB flow-through -with 30 of the 36 kinases detected in the phosphopeptide dataset also appearing as high-confidence proteins in the MIB dataset (CV < 11%). The phosphoproteomics dataset is also helpful in providing additional coverage on phosphoproteins/substrates not revealed in the kinome-enriched dataset. Figure 5( This combination of localizing phosphosites on kinases as well as coverage on downstream targets has the potential to provide quantitative information on dynamic protein phosphorylation events occurring in Chlamydomonas. For example, Table 2 shows the quantitative coverage provided by the kinome and phosphoproteome enrichments on 13 proteins with KEGG Orthology (KO) terms (Kanehisa and Goto, 2000; Kanehisa et al., 2015) mapping to the cell cycle. These proteins, three of which are Chlamydomonas cell-cycle regulatory genes with available Chlamydomonas mutants (Cross and Umen, 2015) , include cyclin-dependent kinases (Cre10.g465900.t1.2, Cre08.g372550.t1.1), a Chlamydomonas homolog of GSK3B (Cre12.g511850.t1.2) and phosphosite coverage on minichromosome maintenance (MCM2/3/5) family proteins [Cre07.g316850.t1.2 (pSer S119), Cre06.g295700.t1.1 (pSer 545)] in addition to phosphosite localization on pSer25 of the E2F transcription factor (Cre01.g052300.t1.1). Without this tandem enrichment approach, only 5 of the 13 proteins mapping to the cell cycle were identified without the benefit of site specificity.
Kinases uniquely found in the kinome enrichment involved with cellular energy status include SNF1 kinase homolog 10 (Cre04.g211600.t1.1), 3-phosphoinositide-dependent protein kinase 1 (Cre11.g467568.t1.1) and 5 0 -AMP-activated protein kinase beta-2 subunit protein (Cre10.g457500.t1.1). Previous work has shown energy-dependent protein kinases, specifically SNF1 and phosphatidylinositol 3-kinase (PI3K), to be important regulatory factors upon triggering of autophagy with SNF1 kinase, a key factor in glucose sensing in yeast, by completely blocking autophagy induced by nitrogen starvation following gene deletion in Chlamydomonas (Wang et al., 2001; Perez-Perez et al., 2010) . Along with these, AMP-activated protein kinases (AMPKs) have been shown as important upstream positive regulators of autophagy in mammalian cells (P erez-P erez et al., 2012). A relationship of positive regulation between protein kinase expression levels and autophagy was evident in the Arabidopsis thaliana ATG1/13 kinase complex following nutrient limitation, indicating ATG1/13 to be both a regulator and a target of autophagy (Suttangkakul et al., 2011) , with possible relevance to stress adaptation in Chlamydomonas upon similar stresses. Because autophagy is such a crucial cellular response to stress, obtaining quantitative coverage of energy-dependent protein kinases that might control autophagy and their possible downstream targets may facilitate experiments to elucidate autophagy-related signaling mechanisms. For example, through the induction of stress in Chlamydomonas and the use of differential proteomic studies of the kinome and phosphoproteome, future studies using this tandem enrichment have the potential to target specific pathways and investigate global kinome and phosphoproteome changes in a quantitative fashion. While this method provides extensive coverage into the kinome and phosphoproteome, any hypothesis generated would require further validation and verification of activity in subsequent experiments. Enrichment of the kinases facilitates the comparative analysis of their phosphorylation state, which may define activity. For example, phosphorylation of MAPK4 was detected in the activation loop (T202, Y204) consistent with activation of this kinase. MIBs capture kinases based on kinase expression, activity and affinity for the individual immobilized kinase inhibitor and due to the nature of the immobilized inhibitors (ATP mimetic); some metabolic enzymes and other nucleotide-binding proteins are also captured. By identifying 115 protein kinases in the MIB enrichment, there was also protein background without previous annotation for kinases. While the enrichment is successful in allowing for additional kinases (over 50% more) to be identified through reducing the background of non-kinases in the eluent, use of the overlap with the un-enriched dataset demonstrates that this protein background is not specific to the enrichment. Thus the advantage of the MIB technology is to increase quantitative coverage of kinases and potential kinases from the global kinome using discovery proteomics.
Conclusion/summary
Herein we present a dual enrichment strategy first targeting intact protein kinases via capture on MIBs with subsequent proteolytic digestion of unbound proteins and peptide-based phosphorylation enrichment from the same sample. MIB enrichment permits an increase of over 50% in coverage of the kinome compared with un-enriched samples, and increases the potential to investigate protein kinases and their predicted substrates in the same experiment. With high quantitative reproducibility among replicates and increased coverage of the kinome, studies aimed at investigating changes in kinase expression levels under different conditions could reveal kinases and ATP-binding proteins involved in specific signaling pathways. Further, tandem probing of the phosphoproteome allows for simultaneous discovery of differential phosphorylation of substrate proteins in the same experiment. Ultimately, this approach Bold entries indicate localized phosphosites. *Previously undetected. Based on phosphopeptide enrichment on the MIB flow-through, 72 phosphosites from 36 protein kinases identified in the kinome enrichment dataset with 27 sites localized and 7 sites not previously detected.
can link changes in the kinome with the phosphoproteome to help elucidate intracellular kinase signaling networks.
EXPERIMENTAL PROCEDURES Cell growth and native extraction
Three biological replicates of C. reinhardtii strain CC-2895 6145c mt-(Chlamydomonas Resource Center) were grown at 22°C in 350 ml of TRIS-acetate-phosphate (TAP) medium (Harris et al., 2009 ) under continuous light (50 lE m À2 sec
À1
) on an Innova 2300 (New Brunswick Scientific, https://online-shop.eppendorf.us/USen/Shakers-44544/Open-Air-Platform-Shakers-44546/New-Brunswick-Innova-2300-PF-56341.html?_ga=1.252462861.50415034.1477 060110) shaker at 130 r.p.m. Cultures were harvested at early-log phase (OD 750 0.4-0.5) by centrifuging at 4000 g for 5 min and discarding the supernatant. Each replicate was resuspended in 50 mM HEPES, pH 7.5, buffer containing 0.5% Triton X-100 in the presence of EDTA-free complete protease inhibitor cocktail (Roche, http://www.roche.com/) and phosphatase inhibitor cocktails 2 and 3 (Sigma, http://www.sigmaaldrich.com/) as previously described (Duncan et al., 2012) . Samples were lysed by sonicating for 3 min at 200 cycles/burst, with 100 W power and a 12% duty cycle using an E220 focused ultra-sonicator (Covaris, http://covarisinc.com/). Extracts were clarified via centrifugation (16 000 g, 10 min) and adjusted to a final concentration of 1 M NaCl. Samples were normalized to 5.5 mg of protein per 3 ml of lysis buffer following determination of the protein concentration using the CB-X protein assay (G-Biosciences, http://www.gbiosciences.com/ ).
Kinome enrichment
Following native extraction, 5.5 mg of protein from each Chlamydomonas biological replicate was introduced on a MIB column to isolate protein kinases and ATP-binding proteins from the lysate, as previously described (Duncan et al., 2012) . MIB columns were composed of a six-bead mix containing the following inhibitors: CTX0294885, VI16832, Purvalanol B, Shokat, PP58 and UNC21474 in the ratio of 1.5:1 (CTX0294885, VI16832): (Purvalanol B, Shokat, PP58 and UNC21474). The flow-through was reloaded once to the column before being collected and stored at À80°C for downstream applications employed in conjunction with enrichment due to the large amount of total protein remaining (about 5.3 mg). Non-specifically bound proteins were removed using 5 ml each of wash buffer (50 mM HEPES, pH 7.5, 0.5% Triton X-100, 1 mM EDTA, 1 mM EGTA and 0.1% SDS) containing high salt (1 M NaCl) or low salt (150 mM NaCl). MIB-bound proteins were eluted from the column using 500 ll of 100 mM TRIS-HCl, pH 6.8, 0.5% SDS and 1% b-mercaptoethanol heated to 95°C for 15 min, twice.
Protein digestion and reduction
Enriched proteins were purified using chloroform/methanol precipitation and resuspended in 50 mM HEPES, pH 8. Samples were reduced using 10 mM dithiothreitol and subsequently alkylated with 40 mM iodoacetamide prior to overnight digestion. For kinome-enriched and whole-cell (un-enriched) samples, digestion was performed at 37°C with Trypsin Gold (Promega, http://www.promega.com/) at a protease:protein ratio of 1:100. For phosphoproteome analysis, digestion of the MIB flowthrough was performed at 25°C at a 1:50 protease:protein of ratio.
Solid-phase extraction
After digestion, samples were acidified to 0.2% trifluoroacetic acid (TFA) following solid-phase extraction. For enriched and un-enriched samples, desalting was performed using Pierce spin columns and C18 50 mg Sep-Pak cartridges (Waters, http:// www.waters.com/) were used for phosphorylation-enriched samples. Solid phase extraction columns were prepared by washing samples with acetonitrile (MeCN) followed by 80% MeCN/20% H 2 O/0.1% TFA and 0.1% TFA. Digested protein lysates were applied to the columns and reloaded twice before being washed with 0.1% TFA and eluted using 80% MeCN/20% H 2 O/0.1% TFA.
Phosphopeptide enrichment
Following protein digestion and solid-phase extraction, 2-mg aliquots of flow-through from MIB enrichment were subjected to phosphorylation enrichment using 3 mg Titansphere Phos-TiO 2 Kit spin columns (GL Sciences, http://www.glsciences.com/). Cre12.g543450.t1.2-S2 RING-box 1 K03868 Cre01.g052300.t1.1-S25* E2F transcription factor 1 K06620 Cre06.g295700.t1.1-S545
Minichromosome maintenance (MCM2/3/5) family protein
Replicates were dried by vacuum centrifugation and resuspended in 200 ll of 80% MeCN, 1% TFA containing 25 mg ml À1 phthalic acid. Following each step in the enrichment, centrifugation at 1000 g for 2 min was performed. After pre-eluting the TiO 2 tips in 20% MeCN, 5% ammonium hydroxide, columns were conditioned with 80% MeCN, 1% TFA and peptide samples were loaded three times. Washes were performed four times using 80% MeCN, 1% TFA to remove non-specifically bound peptides. Phosphopeptides were eluted with 20% MeCN, 5% ammonium hydroxide and concentrated using vacuum centrifugation prior to LC-MS/MS analysis.
DDA and SWATH MS acquisition
For all samples, peptides were resuspended in 95% H 2 O/5% MeCN/0.1% TFA before separation via a 100-min linear gradient from 95% H 2 O/5% MeCN/0.1% formic acid (FA) to 65% H 2 O/35% MeCN/0.1% FA via a NanoAcquity UPLC (Waters). A TripleTOF 5600 (AB Sciex, https://sciex.com/) mass spectrometer was operated in positive-ionization and high-sensitivity mode for data acquisition as previously described (Slade et al., 2015) , with the first 20 features above 150 counts threshold having a charge state of +2 to +5 selected for fragmentation during every 2-sec cycle for DDA runs. SWATH samples were acquired using a variable acquisition window SWATH approach generated from previous MIBenriched or whole cell lysate DDA runs with the 20 m/z windows used for both kinome-enriched and no enrichment datasets. In addition to the Supporting Information tables for MS datasets, the mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (http://www.proteomexchange.org) via the PRIDE partner repository (Vizca ıno et al., 2013) with the dataset identifier PXD004681 and 10.6019/PXD004681.
DDA data processing
Acquired spectra (*.wiff) files were imported into Progenesis QI for proteomics (v.2.0, Nonlinear Dynamics, http://www.nonlinear.-com/). A reference spectrum was automatically assigned and total ion chromatograms were then aligned to minimize run-to-run differences in peak retention time. Alignment was validated (≥80% score) and a combined peak list (*.mgf) for all runs was exported for peptide sequence determination and protein inference by Mascot (v.2.5.1; Matrix Science, http://www.matrixscience.com/). Database searching was performed using the C. reinhardtii Phytozome v.11 database (http://www.phytozome.net/; accessed May, 2015) appended with the NCBI chloroplast and mitochondria databases (19 603 entries). Sequences for common laboratory contaminants (http://www.thegpm.org/cRAP/; 116 entries) were appended to the database. Searches of MS/MS data used a trypsin protease specificity with the possibility of two missed cleavages, peptide/fragment mass tolerances of 10 p.p.m./0.08 Da, and variable modifications of acetylation at the protein N-terminus, carbamidomethylation at cysteine, oxidation at methionine and deamidation at asparagine or glutamine. Variable modifications of phosphorylation at serine or threonine and phosphorylation at tyrosine were appended to this list when working with phosphorylation-enriched datasets. Significant peptide identifications above the identity or homology threshold were adjusted to ≤1% peptide false discovery rate (FDR) using the Mascot Percolator algorithm (K€ all et al., 2007) and resulting matches were exported (*.xml) for further analysis. Peptide identifications in the result file were uploaded to Progenesis QI for proteomics and matched to peaks from the raw spectra. Peptide measurements were then exported (*.csv) and custom scripts written in the Python programming language were implemented to parse results. Peptides were considered only if Mascot ion score was over 13 and Progenesis normalized abundance was greater than zero across all samples, requiring detection in every biological replicate. Shared peptides between proteins were grouped together to satisfy the principle of parsimony and represented by the protein accession with the highest number of unique peptides, otherwise the largest confidence score assigned by Progenesis. For phosphopeptide work, the script performed site localization of variable modifications using an implementation of the Mascot Delta Score (Savitski et al., 2011) . Confident site localization was considered if the difference between the best and second best Mascot ion score was > 10 (Mascot Delta score > 90% in Table S5 ) for alternative modification sites on an otherwise identical peptide-spectrum match. Following delta scoring, filtering for phosphorylation at serine or threonine and phosphorylation at tyrosine was performed.
Ion library generation
Raw (*.wiff) files from eight MIB-enriched DDA runs in addition to 15 SCX fraction DDA runs were combined and processed using ProteinPilot (Sciex, v.5.0). Trypsin and iodoacetamide were specified for digestion and cysteine alkylation, respectively. A thorough ID search effort with a biological modification ID focus was specified and searched against the C. reinhardtii Phytozome v.11 database concatenated with NCBI chloroplast and mitochondria entries as mentioned above. Following the search, the resulting file (*.group) was imported into PeakView (v.2.1, AB Sciex) for SWATH data analysis.
SWATH data processing
Raw (*.swath) files were imported into PeakView for quantitative review of MS/MS spectra and alignment to the ion library allowing for six peptides per protein and six transitions per peptide. The peptide confidence threshold was set to 95% with a FDR threshold of <1%. The extracted ion chromatogram extraction window was opened to 10 min with 20 p.p.m. mass tolerance. Following calibration for retention time in the PeakView software and processing, an Excel workbook file was exported and filtered for a confidence cutoff score >1.3 (95% confidence). Log 2 transformation and data normalization by the central tendency approach were performed using the R package Inferno (Polpitiya et al., 2008) with subsequent data analysis in the Python and R programming languages.
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